Introduction
In today's high-performance aircraft industry there is a constantly increasing need for higher thrust/weight ratios. Part of this need can be obtained by decreasing the weight of the aircraft itself, either through advancements in technology or materials. But that can only be taken so far. Therefore, it is also necessary to increase the thermodynamic efficiencies of aircraft gas turbine engines, thereby increasing the resulting thrust. These improvements are extremely significant, even for fractional increases in performance (see, for example, Mayle 1 ). As defined, the thermodynamic efficiency is given by the relationship, η th = 1 − Tout Tin . This gives two possibilities in the goal of forcing this relationship to approach unity. The first option is to decrease the outlet temperature. But this technique can only be taken so far, due to absolute zero limits on temperature. However, this can also be accomplished by increasing the inlet temperature. In opposition to these advancements is the structural integrity of the gas turbine engines themselves. Currently available materials for turbine blades are unable to withstand long periods of exposure to these high temperatures while maintaining their structural integrity, even with thermal barrier coatings. This obstacle implies the need for active cooling strategies. Over the past 30 years turbine temperatures have been continually increased, and continuing improvements in cooling techniques have been a major contribution.
Multiple cooling methods are often used to cool even a single turbine blade, as seen in the sample blade circuit shown in Fig. 1 . 2 In general, high-performance turbine blades are cooled through a combination of two methods: exterior flow film cooling and interior air circuit flow cooling. Exterior flow film cooling limits the heat from the combustion gases to the blade material by forming a thin layer of cool air between the blade and the heated air. Interior air circuit flow cooling extracts heat from the interior surfaces of the Past experiments in turbine blade cooling have focused primarily on both simple and complex channel flow and the effect of turbulence generating structures on that flow and the heat transfer rates. Due to the in- herent complexity of the experimental set-up required, the effect of rotation has generally been overlooked. This has resulted in a substantial gap in experimental testing and data relating to this key component of turbine blade analysis. In addition, the majority of experimental data have been single point measurements, restricting full field analysis. Significantly, this lack of full field data has created difficulties in validating numerical simulations. Modern optical field measurements have overcome these obstacles, though any experiment must incorporate extreme care in their formulation.
Previous Work

Velocity Measurements
Previous experimental research in turbine blade cooling has been primarily focused on the external cooling effects (e.g., Wang et al.
3 ). This is due to the relative ease of the external measurements as compared to the complex apparatus or gross simplifications required for internal duct measurements, particularly when it applies to measurements of the flow field. Previous research efforts on internal cooling have been limited in scope, typically focusing on a single aspect of the multi-variant problem. Bunker and Metzger 4 examined the local heat transfer from internal impingement cooling using temperature sensitive paint. General relations showed increased heat transfer with increased jet Reynolds number. Bohn et al. 5 numerically and experimentally examined trailing edge cooling in turbine blades. The experiments were conducted in a scaled test rig and showed anisotropic turbulence profiles resulting in non-symmetrical coolant distribution. The numerical predictions compared reasonably well with the experimental data. Johnson et al 6 examined the heat transfer within rotating serpentine passages. Morris and Chang 7 investigated the heat transfer properties of a circular cooling channel. Full field heat transfer data were obtained through a combination of measurements and solution of the channel wall heat conduction equation. The resulting internal heat flux distribution over the full inner surface was subsequently used to determine the local variation of heat transfer coefficient. Effects of the Coriolis force and centripetal buoyancy on the forced convection mechanism were investigated and found to be of sufficient order to warrant consideration in further experimental and numerical studies.
Ç akan and Arts 8 studied the flow in a straight, rectangular, rib-roughened internal cooling channel. At a Reynolds number of 6500 and 30000 and a rib blockage ratio of 0.133, DPIV measurements were taken. They found that the flow through the ribbed channel can be characterized by a series of accelerations, decelerations with separation, reattachment and redevelopment due to the sudden changes in cross-section. The ribs induce a separation and recirculation bubble. The flow reattaches at X/e = 4.5 (Re = 6500). Comparing both studies, they claim that the reattachment distance is not strongly dependent on the Reynolds number. Upstream of the ribs, the flow impinges on the rib, moves to the sidewalls of the channel and produces to vortices. Behind the rib a similar motion occurs due to the recirculation region; in the spanwise flow direction, two counter rotating secondary flow cells are observed.
The flow in a straight, rectangular channel with ribs on two opposite walls was investigated by Liou et al. 9 by means of LDV. The Reynolds number based on the channel hydraulic diameter was 33000. The ribs were perforated and the effect of the rib open area ratio was investigated. They also found a periodic accelerating and decelerating flow behavior. In contrast to the previous paper, only one secondary flow cell is observed in the spanwise flow direction. Furthermore, it was discovered that the reattachment length downstream of a rib pair is shorter than in the case of a backward-facing step. The maximum heat transfer rate was found to be dependent upon a critical range of the open area ratio governed by whether the flow treated the ribs as permeable or impermeable. A PIV Investigation of the flow in a rectangular channel with a 45
• rib arrangement and a 180
• bend was done by Schabacker and Bölcs 10 at Re = 45700 and a rib height equal to 0.1 hydraulic diameters. Two counter rotating vortices in the spanwise flow direction were observed. The development length to achieve a fully developed flow condition is longer for the case of a 45
• rib arrangement. Furthermore, the 45
• ribs prevent the development of zones of recirculating flow in the upstream outer corner of the bend, and the curvature-induced secondary flows are reweakened in this section of the channel. Compared to a smooth channel, the flow recovers faster from the bend effect. Results for the case of a stationary and rotating, rectangular, ribbed channel with a 180
• bend were obtained by Servouze 11 using LDV. The flow conditions were Re = 5000, Ro = 0.33 and a rib aspect ratio of 10. In the stationary case a periodic accelerating and decelerating flow behavior was found. In contrast to other papers, secondary flow structures (vortices) in the spanwise flow direction were not observed. Iacovides 12 did an LDA study on the flow in a ribbed channel with a 180
• bend. He investigated a stationary case at a Re = 100, 000 and two rotating cases at Ro = ±0.2. The rib-height to duct diameter ratio was 0.1. They also observed a periodic flow behavior. Because of the ribs, turbulence increases at the bend entry and an additional separation bubble over the first rib interval downstream of the bend exit is formed. Nevertheless, in agreement with Schabacker and Bölcs, it is claimed that the flow recovers faster from the bend effect in a ribbed channel. Especially the separation bubble along the inner wall is reduced. In addition, Hwang and Lai 16 examined laminar flow within a rotating multiple-pass channel with bends from a computational standpoint. Rotation was found to have a large impact on the wall friction factor. Validations were only made with stationary experiments, however. Heat transfer rate or turbulators were not examined. Finally, Roclawski 17 examined flow of a ribbed channel for various rib configurations and Re. A backward facing step was also examined. The blockage ratio was b/H = .125 for the ribs and h/H = .14 for the step. Reynolds numbers ranged between 600 and 5,000 for the ribs and between 1,500 and 16,200 for the backward facing step. It was found that the flow becomes periodic after the third or fourth rib. For one rib a large separation region was noted, and the two-rib case had the highest skin friction of all considered. It was found that if the first rib is replaced by a smaller one then the two-rib case actually has the lowest skin friction downstream of the rib. For all multiple rib configurations the flow reattached earlier than in the case of a backward facing step. No dependency was observed between reattachment length and Reynolds number.
Some of the relevant previous work has been summarized in Table 1 .
Heat Transfer
Sara et al. 18 examined the heat transfer enhancement and corresponding pressure drop over a flat surface in a channel flow due to perforated rectangular cross-sectional blocks attached to its surface. The experiments covered the following ranges : Re from 6670 to 40,000, the hole inclination angle (θ)= 0
• -45 • , the perforation open area ratio (φ)=0.05-0.15, the diameter of perforation (D)= 2.5-8.0 mm, and the number of blocks (N b )=2-7. It was found that the heat transfer was enhanced by having perforations rather than having a single solid block. There is further improvement in heat transfer by increasing the diameter of perforations rather than by increasing the number of perforations alone. Increase in the perforation angle and number of blocks yield better heat transfer rates. The pressure drop was not affected by θ while it decreased by increasing D, Re and φ.
Robert Kimi et al. 19 examined the heat transfer and pressure drop characteristics in a rib-roughened channel with aspect ratio 2:1 for rib configurations varying from 45
• to 90
• in steps of 15
• . The ribs were attached to the long side walls (named as the 'left' and 'right' side walls) and the effect of the rib inclination angle on the heat transfer rate from the short side walls (named as the 'top' and 'bottom' side walls) as well as the long side walls were studied. It was observed that the mean Nusselt number and thus the heat transfer rate can be improved from the bottom wall by arranging the ribs in such a way so as to induce a secondary flow that hits the top wall, turns back carrying cold and large momentum air from the passage core region and strikes the bottom wall. The highest mean Nusselt number N u m and the highest friction coefficient on the bottom wall was observed at 45
• parallel rib pattern, while for the rib-roughened walls it was observed for the 60
• rib pattern.
Wang et al. 20 studied the heat transfer and pressure drop characteristics of developing turbulent flows in three stationary ribbed square ducts. They were namely ribbed straight duct, convergent square duct and divergent square duct. The convergent/divergent duct had an inclination of 1
• and the Re ranged from 10,000 to 77,000. The ribbed square duct with constant cross section was taken as a reference and the heat transfer performance of the remaining two ducts were compared under three constraints: identical mass flow rate, identical pumping power and identical pressure drop. It was observed that the heat transfer becomes fully developed after 2-3 ribs in the straight duct. The divergent duct had the highest heat transfer performance, the convergent duct had the lowest, while the square constant cross section duct had a performance in between the two.
All the above previous work was done on static cases without rotation. In actual gas turbine blade cooling passage, secondary flows are created by Coriolis forces and also by the bends in the serpentine cooling channel. Iacovides et al.
21 studied the variation of local heat transfer and flow velocity in square sectioned ribs aligned at 45
• with the duct axis. The working fluid was water and the operating Re number was 36,000 with the rotation numbers of 0.1 and 0.2. It was observed that the rotation did not play a significant role in changing the average Nusselt number when compared to a static case, but the local value of N u varied at different places giving rise to thermal stresses.
Hwang et al. 22 experimentally investigated the convective heat transfer in a radially rotating four-pass serpentine channel. Two types of staggered half-V rib turbulators were considered to examine the heat transfer enhancement. Re was varied from 20,000 to 40,000 and Ro from 0 to 0.21 and the coolant air was pressurized and pre-cooled to compensate for this low rotating rate. It was observed that the rib effects and the pressurized coolant played a significant role in the heat transfer enhancement. The effect of rotation was remarkable for the radially outward flow occurring at the second and third passages. Finally, Acharya et al.
23 studied the effects of ribs with varying cross section on the heat and mass transfer distributions along the four walls of a square duct with a sharp 180
• bend at Re of 30,000 and Ro of 0.3. The napthalene sublimation technique was used for the mass transfer measurements. The rectangular profiled rib was taken as a baseline for comparison and it was observed that the profiled ribs generally enhance the heat transfer than the baseline case for the same blockage ratio. These enhancements were attributed due to the generation of secondary flows and longitudinal vorticity that interact with the Coriolis induced secondary flows in the coolant channel. Among the various tested profile configurations it was found that the best performance was achieved by saw-tooth ribs, and a pyramid valley rib combination.
Butler et al.
24
experimentally investigated the heat transfer distribution on a Langston turbine blade shape in a linear cascade wind tunnel for turbulence levels of 0.8% − 10% and Reynolds number (Re) of 40-80k in order to gain information about the boundary layer transition and separation at low Re number conditions. The heat transfer was measured using the heated-coating method ,which determines the local heat transfer coefficients by measuring the local surface temperatures on a model with a uniform heat transfer flux produced from a heated-coating on the test surface. Their main aim was to determine the effect of turbulence intensity,length scale, and Re number on the heat transfer distribution. The heat transfer distribution was coupled with Laser Thermal Tuft measurements which show local surface flow direction to determine the difference between regions of flow separation from transition. It was observed that by increasing the turbulence intensity the stagnation heating also increased. For grid generated turbulence (10%), stagnation heat transfer increased with smaller turbulence length scales, although an optimal length was not figured out. The effect of increasing stagnation heat transfer due to turbulence intensity was amplified at higher Re number. The separation and transition regions corresponded to local minimums of heat transfer while the heat transfer gradually increased after the downstream attachment point.
Carroll et al.
25 used principal component analysis to explore the data reduction requirements for a dual luminophor pressure/temperature sensitive paint. The dual luminophor coating contained one luminophor which primarily responded to temperature and the other to pressure and temperature. The analysis indicated that mutual interaction effects, which were noticeable in the overlap between the spectra of the two factors, were modeled well by the inclusion of a third factor. It was concluded that a P/TSP coating that exhibits three strong principal components should provide sufficient information to determine pressure and temperature measurements without a wind-off reference.
Experiments
Setup & Diagnostics
Both the rotating system and the static system utilize the same apparatus to support the straight and 180
• test sections. This single apparatus is referred to as the turntable and it consists of an aluminum block. This aluminum block contains a hollow circular tunnel down the center of it designed to support an angular contact bearing, which in turn supports a rotating shaft. A duct perpendicular to the axis of the first runs to the wall of the aluminum block and provides mounting for a 115 V, 60 Hz centripetal fan, which directs air flow into the tunnel, and consequently the rotating shaft. There is also a slot machined into the top portion of one of the walls of the block to provide access for a belt to the rotating shaft. On top of this aluminum block is placed an aluminum lid. The lid contains a second, identical angular contact bearing, giving additional support to the rotating shaft and has a hole machined through its top to allow the shaft through. This shaft is then attached to an aluminum arm measuring 57 inches in diameter. The inlet section is made of clear cast acrylic and contains a flow straightening honeycomb section directly preceding the inlet to either test section. A rubber gasket is located at the union of the inlet and the relevant test section.
One interesting difference should be noted here between the straight test section and the 180
• bend test section. Obviously, due to the symmetry of the straight test section, re-orientation would not affect the results of the data (except in regard to the location of the ribs). However, due to the 180
• bend test sections asymmetry, it is necessary to orient the test section in two configurations. In the first configuration the plane of the bend lies parallel to the rotation vector. In the second configuration, the plane of the bend is orthogonal to the rotation vector, allowing us to analyze and compare the differences and similarities of both configurations.
Both test sections were made of .354 inch thick clear cast acrylic and have an internal height and width of 10 cm. The length for the 180
• bend test section is approximately 50 cm from the entrance of the section to the outer wall of the bend. Both legs of this section are separated by a distance of 1 inch and held rigid by the flange piece positioned between them. For both test sections one wall is designed to accommodate a thin sheet of acrylic holding the square turbulators for that test section. In the current experiments, a rib spacing of 3b is used, where b is the hydraulic diameter of the ribs on that sheet, and a blockage ratio, b/H, of .125, with an angle with respect to the wall normal of 0
• or 45
• .
In all cases, PIV measurements will be made inside both test sections. For PIV, the laser sheet is generated by a 25 mJ double-pulsed Nd:YAG laser, with a maximum repetition rate of 15 Hz. Pulse separations vary from 100 µs to 1 ms based upon the tunnel velocity. A 10 bit CCD camera with a 1008×1018 pixel array is used to capture images. Uniform seeding is accomplished using 1 micron oil droplets. A predictor-corrector algorithm with an interrogation area of 32×32 is used to generate displacement vectors and velocity gradients. 13 For each PIV run, at least 200 images are recorded for processing resulting in a minimum of 100 vector and vorticity fields from which to generate statistics. For PIV measurements the rear wall and rib plates for both test sections will be painted black to minimize reflection when the channels are illuminated by the laser sheet.
The heat transfer observations involve the use of Temperature Sensitive Paint (TSP), a non-intrusive temperature measurement technique used to measure the surface temperature on bodies. The paint consists of luminescent molecules in an oxygen impermeable binder. The variation of temperature is directly related to the intensity of the reflected light from the paint. The paint is applied on the surface and a camera is focussed on the part to be visualized. A collimated light of the proper wavelength is directed towards the model to illuminate these molecules of the paint. Light of lower wave length is emitted by these molecules and by using proper filters in the camera, the excitation light and emission light can be separated and the intensity of the luminescent light can be determined using a photo-detector. The luminescent intensity of this emitted light directly corresponds to the temperature. One image is taken at a known, constant temperature, and the other is taken at the unknown conditions. The ratio of the two images is then converted to temperature using the appropriate calibration. The disadvantage of this technique is that the surface whose temperature is to be measured has to be visible to the detector. TSP is applied on the surface of the turbulators and the floor of the thin acrylic model.
Results
Data has been acquired in both streamwise and cross-stream planes at a number of locations in the 180
• bend duct with a wide array of rib geometries (blockage ratios: b/H = 0, 0.125, and 0.250; rib orientations: θ = 0 • and 45
• ; and rib spacing: x/b = 3, 6, and 9), Reynolds numbers (Re = 6, 700, 16, 000, and 38, 000), and rotation rates (Ω = 0, 0.5, 1, and 2 RPS). Since the PIV data directly consists of velocity and the various velocity gradients, post-processing can easily acquire various fields of interest such as velocity, vorticity, continuity, etc., as well as derived quantities such as circulation and skin friction. Due to the large data set, much of the data has not been analyzed at this time over the whole range of parameter space. Hence, data will be presented here for a single cross-stream location immediately after the duct bend for the 3 Reynolds numbers and 4 rotation rates mentioned above. The blockage ratio and rib spacing are fixed at b/H = 0.125 and x/b = 3, respectively, but both rib orientations are presented (θ = 0
• and 45 • ). Sample velocity fields are shown in Fig. 3 for Re = 38, 000 and θ = 0
• with Ro = ∞ and Ro = 0.91 (Ω = 0 RPS and Ω = 2 RPS, respectively). Each plot is an average of 124 velocity fields. For the rotating case, the velocity field has been shown in both the lab and the duct frame (Figs. 3(b) and 3(c), respectively). In Fig. 3(a) , one can see a symmetric velocity field with corner vortices present in the upper left and right corners of the duct due to the duct bend, while in Fig.  3 (c) the symmetry has been lost and a large vortex is present at the bottom wall of the duct. The right corner vortex has vanished while the left corner vortex is reduced in size and strength. Note that in Fig. 3(a) , the left corner vortex appears larger than the right corner vortex. This will be note below as well. This is a common feature found in most of the rotating cases. (Time resolved velocity fields reveal many interesting structures not seen in the time-averaged plots, but this will not be discussed here.) Net circulation has been calculated for each PIV realization using the relation Γ = u · dl around the perimeter of the duct. Sample plots of the time varying circulation are shown in Fig. 4 for the cases Re = 38, 000 and θ = 0
• with Ro = ∞ and Ro = 0.91 (Ω = 0 RPS and Ω = 2 RPS, respectively) shown in Figs. 4(a) and 4(b) , respectively. While each plot shows fluctuations over large ranges, it can be seen that the circulation is mostly negative for the non-rotating case and mostly positive for the rotating case. Furthermore, the magnitude of the circulation in the rotating case is approximately twice that of the non-rotating case. (One would expect that since this is a symmetric case with θ = 0
• thatΓ = 0; this indicates that there is probably some residual circulation from the fan in the system, though this has not been confirmed. It may also be due to minor flaws in the duct geometry.) The mean value of circulation for each case has been calculated across the range of realized velocity fields for both cases of rib orientation, θ = 0
• and 45
• . As shown in Fig. 5 , there is an obvious correlation between Γ and Ω. While Γ generally increases with increasing Ω (as well as changing signs), it also appears that values of θ are coupled. This is more evident when Re is also considered, as shown in Figs. 6 and 7. Fig. 6 plots Γ versus Re·Ro while Fig. 7 plots Γ versus (Re·Ro)
• to resolve the difficulty of plotting Ro = ∞. Both plots demonstrate a clear relationship between the quantity Re·Ro and the total circulation. Two points are worth noting. First, the total circulation appears to reach a maximum as Re · Ro → 1 · 10 5 . Thus, in the range of parameters investigated, circulation cannot be increased above a set value by rotation alone. Second, rib orientation angle has not effect on the amount of circulation present in the flow. Thus, this can be ruled out as a cause for increased heat transfer when using ribs with a 45
• orientation as opposed to ribs with a 0
• orientation. Both require further investigation and continuing results will be presented at future meetings. 
